Reduced Thermal Focusing and Birefringence in Zig-Zag Slab Geometry Crystalline Lasers T. J. KANE, R. C. ECKARDT, AND R. L. BYER Abstract-Replacing the rod in a Nd:YAG laser with a zig-zag slab resulted in a very substantial reduction of the thermally induced optical distortion without sacrifice of output power or efficiency. This reduction was possible after simple measures were taken to eliminate end and edge effects.
I N this letter, we present interferometric measurements of the thermally induced optical effects in laser crystals cut in both the zig-zag slab and the conventional rod geometries. These measurements confirm the present understanding of zigzag slab geometry lasers and demonstrate the significant advantages obtained by replacing the rod in a Nd: YAG laser with a slab. We describe simple measures to eliminate end and edge effects and present efficiency and threshold data for the Nd :YAG slab and the rod it replaced.
In conventional cylindrical rod solid-state lasers, both temperature and thermally induced stress change the index of refraction, and the laser beam is distorted. The rod becomes a nonuniform multiwave birefringent element and a strong and polarization-dependent lens. These effects have been thoroughly described and analyzed [ 1 ] - [4] .
The zig-zag slab laser geometry, also known as the total internal reflection face pumped laser geometry, was invented by Martin and Chernoch at General Electric [5] . This geometry greatly reduces the thermally induced optical effects in the pumped laser [6] , [7] . The zig-zag slab geometry is shown schematically in Fig. 1 . Focusing is eliminated in the x-direc- Manuscript received February 4, 1983; revised April 4, 1983 . This work was supported by the U.S. Army under Grant DAAG29-81-C-0038 and NASA under Grant NAG1-182.
The authors are with Ginzton Laboratory, Stanford University, Stanford, CA 94305. Fig. 1. (a) The zig-zag slab laser geometry, with shields and insulation.
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(b) Ray path through the zig-zag slab. Note that slabs with an odd number of total internal relections are possible, and in that case the end faces are not parallel.
tion by the uniformity of the pumping and cooling in that direction, and in the y-direction by the averaging of temperature that takes place over a full zig-zag. The birefringence caused by the thermal stress in a slab is also much lower than that of a rod because the major component of stress averages to zero over a full zig-zag. Recently, we have built and tested 0018-9197/83/0900-1351$01.00 0 1983 IEEE a zig-zag geometry neodymium doped glass laser, developed a computer model of the thermally induced optical effects in slabs, and successfully tested the model [ 8 ] , [9] .
For the crystal slab tests described in this letter, we fabricated zig-zag slabs of Nd: YAG and Nd : GGG (gadolinium gallium garnet). The material Nd : GGG is of interest because its large change in index of refraction with temperature has been a major reason for its infrequent use in rod geometry lasers. In the slab geometry, thermal focusing is fully compensated, so it is possible to take advantage of the superior crystal growth properties and greater resistance to thermal fracture of Nd :GGG. We achieved stable CW operation of the Nd:GGG slab, but a meaningful efficiency comparison is not possible until more highly doped material is available. The Nd : GGG and Nd:YAG slabs were tested in a commercial CW laser system. The laser head contained a single 6 mm inner-diameter krypton arc lamp, with 76 mm of radiating length. A gold coated elliptical cavity focused the pump light into the slab. The slabs were mounted from the ends, and two simple procedures, described below, were used to apprcach the ideal slab thermal boundary conditions. To approach the ideal slab limit of zero thermally induced optical distortion, it is necessary to avoid cooling the nonreflective edges, and thus avoid creating a temperature grac .It in the x-direction. We achieved .dequate insulation by the simple means of attaching silicone rubber to the nonreflecting edges of the slab. Dow Corning Sylgard 186, with a thermal conductivity of 0.0017 W/cm.K [IO] has 84 times higher thermal resistance than Nd :YAG. Thus, a relatively thin layer (about 1 mm for our 4 X 8 mm slabs) effectively insulated the surface.
The ideal slab appears optically flat in the y-direction because all zigzag segments have the same average index of refraction. This is not true near the ends of a finite slab. We observed strong negative focusing in the y-direction when the entire slab, including the ends: was pumped. Again, a very simple procedure consisting of slipping opaque tubes over the ends of the slab to shield the entrance face from the flashlamp radiation greatly reduced the negative focusing. In order to use the pump light efficiently while shielding the ends of the slab, it is necessary that the slab be longer than the radiating length of the lamp. Our slab was 100 mm from tip to tip, although the lamp radiating length was 76 mm.
The optical quality of the pumped slab was measured with a Mach-Zehnder interferometer. A 633 nm helium-neon laser was used as the light source. The location of each fringe was measured on horizontal . vertical cuts through the center of the interference pattern and the fringe number was plotted as a function of distance from the center. A least-square fringefitting procedure determined the focal length of the pumped slabs and rods and also gave the residual distortion.
The most comple+-set of interferograms was taken for the Nd: GGG slab. Interferogra.. s were recorded for four cases: 1) with no thermal insulation and no shielding, 2) with insulation but no shielding, 3) with shielding but no insulation, and 4) with both shielding and insulation. Fig. 2 is a reproduction of these four interferograms at a lamp pumping power of 4.2 kW. Table I summarizes the results for the Nd: GGG slab. In ( p e r c e n t 1 the x-direction, shielding and insulation changed the thermal focusing from 1.35 to -0.26 diopters. Most of the change in the x-direction was due to the insulation. In the y-direction, the change was from -2.34 to -0.46 diopters, with almost of all the improvement due to the shielding. The Nd: GGG measurements clearly show that the slab boundary conditions are critical to the reduction of thermal focusing. The difference between the focusing power in the two directions, a parameter of key importance t o resonator stability, was reduced to 5.4 pc-cent of its original value.
Data for the Nd : YAG slab were recorded for the case where both shielding and insulation were in place.
The 4 X 8 mm slab used had almost the same cross-sectional area as the 6.4 mm diameter rod it replaced, so a comparison is possible. The interferograms of the Nd :YAG slab and rod at 4.2 kW of lamp power are reproduced in Fig. 3 . Table I1 summarizes the Nd :YAG interferometry results. For a rod, the y-direction is defined as the direction parallel to the polarization of the probr beam. In the y-direction, the focal power of the slab and rod were -0.18 and 2.71 diopters, respectively. In the xdirection, the values were -0.47 and 2.31 diopters. The difference in focal lengths is also less for the slab, at -0.29 diopters as compared to 0.40 diopters for the rod. The focal lengths of the rod for the two directions differ because the thermal stress creates birefringence. The ratio of focal lengths has been calculated for a uniformly pumped rod by Koechner [3] . Our observed ratio of 1 .I7 is close to his theoretical value of 1.2. The thermal effects in the slab are well described by an elliptical lens, as is shown by the fact that the root- Fig. 3 . Interferograms of Nd:YAG rod and slab pumped at 4.2 kW CW show substantial advantages of zig-zag slab geometry.
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( p e r c e n t ) 0.2 25.0 1 mean-square deviation from an ellipsoidal surface is no more than one-tenth wave at 663 nm. The output power of the laser was measured as a function of the lamp power for both the YAG slab and rod and for both multimode and TEMoo operation. In all cases, the output coupler was a 10 percent transmitting mirror. The parameters of a linear least-square fit gave the threshold and the slope efficiency for each case. Table I11 lists these values, as well as the output power achieved at the maximum lamp input power of 5.1 kW. The multimode slab power was corrected to take into account the fact that the beam was filling only 69 percent of the pumped volume.
This correction was used only for multimode operation and is discussed more fully later. The slab was nearly as efficient as the rod it replaced. The slope efficiencies for slab and rod were 2.25 and 2.36 percent, respectively, for multimode operation. For TEMoo operation, the values were 0.47 and 0.51 percent. The extrapolated threshold for the rod was about 10 percent more than that of the slab, in both cases. This is probably the result of the fact that the zig-zag geometry results in the path through the slab being 15 percent longer than the path through the rod, with the gain correspondingly increased.
A key factor in the efficiency of a laser is the geometric filling factor, given by the ratio of the volume effectively swept by the laser beam to the total pumped volume. When total laser power is the only concern, a multimode beam may be used, which expands to fill any aperture. Under these conditions, the rectangular aperture is not a disadvantage. The 69 percent filling factor used for correcting multimode data was the result of the restricting aperture of the slab holder. The pump cavity was designed for rod use and it was not possible to access the full rectangular aperture of the slab without extensive modifications. No filling factors were used to correct data for This is a result of reduced birefringence in the slab. The complex pattern of birefringence in the rod made necessary a smaller aperture to restrict oscillation to the TEMoo mode.
Slabs with an aspect ratio of two have been used because we initially believed that depolarization and nonelliptical focusing would be severe near the edge of the slab, and that the edge region was not useful. This was not observed to be the case. The measurements of depolarization and residual distortion previously described, as well as recent theoretical work, show that it is possible to use the entire slab aperture. In the future, we will be reporting on theory and measurements using slabs with an aspect ratio of one.
The birefringence of the pumped slab and rod was found by measuring the transmittance of 633 nm light through crossed polarizers with the pumped slab or rod between the polarizers. Table I describes the depolarization of the GGG slab in each of its configurations, and Table I1 includes data for the Nd :YAG slab and rod, The GGG data show that depolarization in the slab was reduced from 4.5 to 0.2 percent when insulation and shielding were added. At all pump powers greater than 2 kW, close to 25 percent of the 633 nm light passing through the YAG rod changed polarization. The corresponding value for the YAG slab, with shield and insulation, was 0.2 percent at 4.2 kW of lamp power.
The degree of polarization of the Nd :YAG slab laser output was measured for both multimode and single transverse mode operation. We used an analyzer with an extinction ratio of 1000 to 1 and observed only single polarization output up to the maximum pump power of 5.1 kW. It was not possible to control the polarization of the rod.
In the multimode rod case, power was present equally in both polarizations. The single mode rod output was 90 percent in one polarization, but an attempt to control the direction of the polarization with a Brewster plate reduced the power drastically.
The same compensation that reduces depolarization due to thermal stress in slabs also reduces depolarization in slabs cut from highly stressed crystals of Nd:YAG. Often, crystals of Nd :YAG show unacceptable birefringence even when not pumped, due to stress in the crystal that results from the growth process. We obtained two Nd:YAG rods that showed depolarization in stressed regions of 17 and 10 percent, respectively, for light of wavelength 633 nm. These rods were first cut into slabs with a simple straight-through path. Depolarization was reduced very slightly, to 14 and 9 percent. When the ends were cut to allow a zig-zag path with seven internal reflections, the depolarization of each was 0.3 percent or less, for light polarized along the axes of the slab. We conclude that the zig-zag slab laser geometry has very significant advantages which are easily available after small modifications to an existing Nd:YAG laser system. The only disadvantage is a small increase in cost due to the more difficult fabrication of the slab and the greater amount of Nd: YAG which is needed to allow the ends to be unpumped. We predict that YAG slabs will show similarly reduced thermal focusing and birefringence up to the fracture limit of the material. The fracture limit of a Nd : YAG slab or rod is near 500 W of output power from a 15 cm long crystal.
